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Abstract 
Study Design  Mechanical testing of cadaveric spines. 
Summary of Background Data  Intervertebral discs and vertebrae deform under load, narrowing the 
intervertebral foramen and increasing the risk of nerve root entrapment.  Little is known about 
compressive deformations when elderly spines are subjected to sustained physiological loading. 
Objective  To test the hypothesis that, in the ageing spine, vertebrae deform more than discs, and 
contribute to time-dependent creep. 
Methods  117 thoracolumbar motion segments, aged 19-96 (mean 69) yr, were subjected to 1kN 
compressive loading for 0.5, 1 or 2hr.  Deformations during the first 7s were designated “elastic” 
and subsequent deformations as “creep”.  A three-parameter model was fitted to experimental data 
in order to characterise their viscous modulus E1, elastic modulus E2 (initial stiffness), and 
viscosity η (resistance to fluid flow).  Intradiscal pressure (IDP) was measured using a miniature 
needle-mounted transducer.  In 17 specimens loaded for 0.5hr, an optical MacReflex system 
measured compressive deformations separately in the disc and each vertebral body. 
Results  On average, the disc contributed 28% of the spine’s elastic deformation, 51% of the creep 
deformation, and 38% of total deformation.  Elastic, creep, and total deformations of 84 motion 
segments in 2hr tests averaged 0.87mm, 1.37mm and 2.24mm respectively.  Measured deformations 
were predicted accurately by the model (average r2=0.97) but E1, E2 and η depended on the 
duration of loading.  E2 and η decreased with advancing age and disc degeneration, in proportion to 
falling IDP (p<0.001).  Total compressive deformation increased with age, but rarely exceeded 
3mm. 
Conclusions  When the ageing spine is compressed, vertebral bodies show greater elastic 
deformations than intervertebral discs, and creep by a similar amount.  Responses to axial 
compression depends largely on IDP, but deformations appear to be limited by impaction of 
adjacent neural arches.  Total compressive deformations are sufficient to cause foraminal stenosis in 
some individuals. 
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Précis 
When ageing cadaveric spines were subjected to sustained physiological loading, elastic 
(immediate) deformations were greater in the vertebral bodies than in the intervertebral discs, and 
creep deformations were similar in both structures.  Total compressive deformations were sufficient 
to cause foraminal stenosis in some individuals. 
 
Key Points 
1. Excessive compressive deformations of the spine under load could lead to nerve root 
entrapment in the intervertebral foramen, and to abnormally high loading of the apophyseal 
joints. 
2. Experiments on 117 cadaveric thoracolumbar motion segments showed that ageing vertebral 
bodies deform more than their adjacent discs in response to sustained compressive loading.  
Both structures showed substantial “creep”. 
3. Responses of the disc/vertebral body unit to axial compression depend largely on intradiscal 
pressure.  Compressive deformations increase with age as disc pressure falls, but 
deformations appear to be limited by impaction of adjacent neural arches. 
4. Total compressive deformations are sufficient to cause foraminal stenosis in some 
individuals. 
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Introduction 
Vertebrae and intervertebral discs deform under load, sometimes with important clinical 
consequences.  Most obviously, they reduce the volume of the intervertebral foramen and increase 
the risk of nerve root entrapment syndromes.1-3  Compressive deformations also bring adjacent 
neural arches closer together, and can cause them to play a major load-bearing role,4 with adverse 
consequences for the apophyseal joints.5, 6  Both neurogenic claudication and facet joint pain are 
sensitive to physical activity and posture, suggesting that they can be caused by inadequate 
separation of vertebrae.  However, little is known about the magnitude of compressive deformations 
when the ageing spine is subjected to substantial compressive loading. 
Intervertebral discs are relatively soft in order to spread load evenly on the adjacent vertebral 
bodies, and to allow substantial intervertebral movements.  Vertebrae, in contrast, must be stiff to 
maintain the geometry of their articulations under load, and to move quickly when acted on by 
muscles.  However, the traditional concept of rigid vertebrae separated by deformable discs is an 
over-simplification, especially in the elderly spine.  Age-related reductions in bone mineral density 
(BMD) lead to weakened vertebrae which deform markedly under load7-9 and which can “creep” 
gradually under static loading. 10, 11  Intervertebral discs are softer than vertebrae, but their relatively 
small height means they deform little.  It would be expected, therefore, that discs and vertebrae 
would both contribute substantially towards the deformation of an elderly spine subjected to 
vigorous and sustained compressive loading. 
There have been many previous attempts to measure disc and vertebral deformations in cadaveric 
spines, but most of the experiments suffer from one or more technical limitations.  Usually, the 
maximum applied force was chosen to simulate upper body weight (approximately 400N), and so 
disregarded the muscle forces that are now known to raise spinal compression in-vivo to 800-1200N 
during upright postures12 and to 3-5kN during manual work.13  Another limitation is that most 
experiments measured the overall deformation of a spine motion segment and attributed it all to the 
disc.  Finally, it has generally been assumed that only the discs exhibit “creep” (time-dependent 
deformations under constant load) even though bone creep has been demonstrated in small tissue 
samples14, 15 and more recently, in whole vertebrae.16  A few attempts have been made to overcome 
these difficulties, for example by using radiographs to measure vertebral deformations8 or optical 
and MRI techniques to measure deformations of intervertebral discs.17-19  However measurements 
comparing disc and vertebral deformations in elderly spines are lacking, and deformations of both 
structures have not been tracked over time. 
The present study aims to characterise time-dependent compressive deformations of discs and 
vertebrae in the ageing thoracolumbar spine, and to assess their clinical significance.  Mechanical 
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experiments on many motion segments were analysed in order to quantify the competing influences 
of age, spinal level and disc degeneration.  Loading regimes were substantial and chronic in order to 
simulate physiological loading in-vivo, and an optical strain measuring device was used to 
differentiate between disc and vertebral deformations in some of the specimens. 
 
Materials and Methods 
Cadaveric material 
Sixty-one thoracolumbar spines were removed from cadavers donated to medical research.  None of 
the donors had experienced prolonged bed rest or spinal injury before death.  Spines were dissected 
into 117 “motion segments” consisting of two adjacent vertebrae and the intervening disc and 
ligaments.  All levels were included between T7-8 and L4-5, with the following distribution: T7-8 
(3), T8-9 (4), T9-10 (5), T10-11 (10), T11-12 (11), T12-L1 (11), L1-2 (18), L2-3 (20), L3-4 (14), 
L4-5 (21).  Mean age of motion segments was 69 yr (range 19-96, STD 17 yr)  They were wrapped 
in clingfilm, double bagged, and stored at -20oC for up to three months before testing.  Specimens 
were used in a variety of experiments over several years, but the present study considers only the 
initial creep test that was performed on all of them as part of routine pre-conditioning.  For this 
reason, some experimental details varied between groups of specimens, including the duration of 
loading. 
Radiography and specimen preparation  
Motion segments were defrosted overnight at 3°C, and then radiographed in the frontal and sagittal 
plane.  Films were scanned and analysed using ‘ImageJ’ software to enable disc and vertebral 
dimensions to be measured.  Disc height was determined separately for the anterior and posterior 
annulus, and for the nucleus, and an average of the three heights (h) obtained.  Cross sectional area 
(A) of the disc was estimated from the frontal (α) and sagittal plane (β) diameters of the superior 
vertebral endplate, using the equation for the area of an ellipse: A = απβ/4. Grade of disc 
degeneration was assessed after testing, using the first four points on a morphological and 
functional scale published previously.20, 21 
Each motion segment was secured in two metal cups containing dental plaster (Figure 1).  Screws 
in the neural arch enhanced fixation between bone and plaster, but care was taken that the outer 
surfaces of the vertebral bodies merely rested on the plaster rather than being immersed in it.  Cling 
film was wrapped around exposed surfaces of the specimen to minimise water loss. 
Compressive creep-loading experiments 
Motion segments were tested at room temperature on a computer-controlled hydraulic materials 
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testing machine (Dartec/Zwick Roell Ltd., Leominster, UK).  Two low-friction rollers (Figure 1) 
applied a pure compressive force in the direction perpendicular to the mid-plane of the disc, while 
minimizing any anterior-posterior shear.  This apparatus has been used previously to apply 
compressive loading across a motion segment.22  Initially, a compressive force of 300N was applied 
for 15 minutes to expel some water from the disc and to guard against the possibility of post-
mortem super-hydration.23  This was followed immediately by the main creep test, as follows.  A 
compressive force (mean 1.15 kN, STD 0.25 kN) was applied in linear ramp fashion over 5s and 
then held constant for up to two hours, with the Dartec operating in “load-control”.  This force is 
sufficient to simulate gravitational and muscle forces acting on the upright spine during upright 
activities in-vivo.12  It was varied slightly to take some account of specimen age and size.  Applied 
stress (load divided by average endplate area) averaged 0.85 MPa (STD 0.28 MPa).  Vertical 
(compressive) deformation of the whole specimen and cups was measured at 1 Hz by a linear 
variable differential transformer (LVDT) attached to the ram of the testing machine.  Compressive 
force was also monitored at 1 Hz.  ‘Elastic deformation’ was defined as all deformation recorded 
during load application (5s) and in the first 2s after load application.  ‘Creep deformation’ was 
measured as the continuing deformation during the following period of static loading. 
Intradiscal pressure measurements 
Before the compression tests, a miniature pressure transducer (Gaeltec, Dunvegan, Scotland), side-
mounted in a 1.3-mm diameter needle, was pulled through the intervertebral disc while the 
specimen was loaded to 1kN for 20 s.24  Transducer output indicates fluid pressure within the 
nucleus24, and within the anulus it indicates the average compressive stress acting perpendicular to 
its membrane.25  These measurements were performed on 60 motion segments in order to show how 
intradiscal pressure (IDP) within the nucleus influences motion segment deformations under load.26 
Deformation of disc and vertebral bodies measured using MacReflex 
In 17 motion segments, vertical deformations of the intervertebral disc and each vertebral body 
were measured separately using an optical 2D MacReflex system (Qualisys Ltd., Goteborg, 
Sweden) operating at 1 Hz.  This located the geometric centre of small reflective markers attached 
to pins inserted into the vertebrae (Figure 1) and yielded values of the anterior, middle and posterior 
height of each disc and each vertebral body in the sagittal plane, with a resolution of <10 µm.9, 22  
Raw data from the MacReflex was subjected to 30-point smoothing in order to reduce random 
errors.  MacReflex measurements enabled overall vertical deformations measured by the Dartec to 
be apportioned between the disc, vertebral bodies, and apparatus.  Vertebral strains were multiplied 
by vertebral body height (measured from radiographs) to calculate vertebral body deformations (in 
mm).  This assumes that strain does not vary with vertical location in the body.  Because all marker 
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pins had to be anchored firmly in bone, two thin strips of bone adjacent to the discs were included 
in the “disc height” as measured by the MacReflex.  The combined height of these two strips 
averaged 4.8 mm.  For each specimen, this combined height of bone was multiplied by the average 
bone strain measured for the two vertebrae in order to calculate how much bone deformation was 
included in the apparent disc deformation.  Once this spurious deformation had been removed, the 
“corrected” disc deformation was divided by disc height (from radiographs) in order to calculate 
true disc strain. 
“Three-Parameter” model of motion segment compressive deformation 
A 3-parameter viscoelastic model comprising two springs and a dashpot27 was used to model the 
experimental data (Figure 2).  The purpose of modelling was to extract three parameters which 
characterise the time-dependent compressive deformation of each motion segment27 or disc28, and 
which enable comparisons to be made between specimens, and with previous work.  A program 
written in Matlab (Matlab v7.0.4, Mathworks Inc., Natick, MA.) used the following function to fit 
the motion segment displacement data (y): 
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where A2 is the instantaneous elastic displacement, A1 is the total displacement after creep, and λ is 
a measure of creep rate.  These values were then used to calculate the viscous modulus (E1), the 
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where σ is the applied compressive stress (force per unit area), ε is strain (disc deformation divided 
by original height), and A and h represent disc area and height, as defined above.  An iterative 
routine calculated which values of A1, A2 and λ in Equation 1 best fitted the experimental 
deformations.  Best fit was expressed by the coefficient of determination (r2).  E1, E2 and η were 
then calculated from Equations 2-4. 
Data from tests which lasted 2 hr and 1 hr were often analysed at shorter time periods also (for 
example, the first half of the data from a 1 hr test might be analysed at 0.5 hr).  However, technical 
problems including data loss prevented this from being done in every case. 
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Statistical analyses 
Linear regression was used to determine how variable factors (such as age and IDP) influenced E1, 
E2 and η.  Stepwise linear regression was used to compare their relative influences.  Influences of 
gender, spinal region, and category of disc degeneration were examined by ANOVA using ‘SPSS’. 
 
Results 
The MacReflex system was able to distinguish between height lost by the disc and vertebrae of each 
motion segment.  Figure 3 shows typical deformations averaged across the anterior, middle and 
posterior regions.  Initial elastic height loss is followed by gradual creep during the remainder of the 
0.5 hr experiment.  Height loss in Figure 3 is expressed as “microstrain” where 10,000 microstrain 
represents 1% loss of original height (of the disc or vertebral body).  It is evident from the Figure 
that elastic strains in the disc are greater than those in the adjacent vertebral bodies, and that creep 
strains are much greater in the disc.  Average elastic and creep strains in the 17 discs were 2.3% and 
2.5% respectively, and in the 34 vertebral bodies were 0.85% and 0.44%. 
Actual deformations (in mm) of discs and vertebrae are equal to measured strain multiplied by the 
initial height of each structure.  Because a typical vertebral body is 3-4 times taller than a disc, 
deformations tend to be greater in the vertebrae, as shown in Table 1.  This summarises disc and 
vertebral body height loss for the posterior, middle and anterior regions.  Vertebral bodies lost more 
height anteriorly than posteriorly, whereas discs lost more height posteriorly.  Figure 4 compares 
height loss for each structure, averaged across the posterior, middle and anterior regions.  
Calculations based on this data show that, on average, the disc contributed 28% of the elastic 
compressive deformation of the basic repeating unit of the spine (disc + 1 vertebral body), 51% of 
its creep, and 38% of total (elastic+creep) deformation during the 0.5 hr tests.  (The disc’s 
contribution to motion segment deformation was rather less, because motion segments contain two 
vertebrae to only one disc.)  If height lost by the vertebrae and disc of a motion segment is 
subtracted from the specimen height loss measured by the LVDT of the Dartec, there remains an 
average 14.7% of the deformation to account for.  This is attributable to compression of the 
apparatus, cement and bone-cement interface. 
The great variability of results evident in Table 1 and Figure 4 is largely due to random errors 
generated when the MacReflex system attempts to resolve very small movements of reflective 
markers.  Average values are robust, but individual results vary greatly, and regression analysis on 
these 17 specimens showed no consistent trends with age or spinal level.  This problem was avoided 
in most experiments by measuring overall motion segment height loss from the LVDT of the 
Dartec.  These measurements were then used by the three-parameter model to calculate E1, E2 and 
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η for each specimen.  Goodness of fit was usually excellent, but declined somewhat in the shorter 
tests: on average, “r2” in the 2 hr, 1 hr and 0.5 hr tests was 0.97 (STD 0.03), 0.91 (STD 0.03) and 
0.83 (STD 0.08) respectively.  Discrepancies between experiment and theory were greatest at the 
start of the creep period.  In 8/60 of the 0.5 hr tests, and 2/102 of the 1 hr tests, E2 was 
overestimated by more than 500%, and η was close to zero, so these 10 results were discarded as 
outliers.  It appears that the curve-fitting algorithm was not always able to locate the transition from 
elastic to creep deformation accurately when the creep period was short and the specimen showed 
rapid initial creep.  Calculated values of E1, E2 and η depended on test duration (Figure 5) and so 
do not represent invariant characteristics of the specimens tested.  Systematic variations in Figure 5 
facilitate comparisons with previous experiments performed over varying time periods. 
Average values of E1, E2 and η are presented in Table 2 for various groups of motion segments 
subjected to the 2 hr test.  (These tests were the longest and least prone to curve-fitting problems.)  
E1 varied little between groups.  Female motion segments had higher elastic modulus E2 and higher 
viscosity η (p<0.01).  Thoracic motion segments also had higher E2 and η than did lumbar 
(p<0.01).  Systematic influences on E1, E2 and η were analysed using linear regression (Table 3).  
E1 increased with applied stress.  Elastic modulus E2 decreased in discs that were degenerated or 
had a low IDP, and decreased in discs aged over 50 yrs (Figure 6).  E2 also decreased at lower 
spinal levels, as disc area increased, and increased with increasing applied stress.  Viscosity η 
varied in a similar manner to E2, decreasing markedly with age and increasing with IDP (Figure 7).  
Creep rate λ, which is inversely related to viscosity as shown in Equation 4, averaged 0.51 X 10-3  /s 
(STD 0.21).  Creep rate increased with age (P<0.001), especially after age 50 yrs, and decreased as 
IDP increased (P=0.02).  Similar trends were seen in data from the 0.5 and 1 hr tests. 
Analysing the 2 hr tests using stepwise multiple linear regression (with age, disc degeneration, IDP, 
disc area, disc height and spinal level as the independent variables) showed that E1 depended on 
spinal level (p<0.001) and disc area (p=0.012).  E2 depended on disc area (p<0.001) and disc height 
(p=0.02).  Viscosity η was influenced only by IDP (p<0.001).  When the relative influences of age, 
disc degeneration and IDP were compared by forcing the three variables into the analysis, none of 
them predicted E1, and IDP was the only significant predictor of E2 (p<0.001, r2=0.37) and η 
(p<0.001, r2=0.36). 
Elastic and creep deformations of motion segments were quantified from the model output as A2 
and (A1-A2) respectively.  Table 4 summarises results for 0.5 hr, 1 hr and 2 hr tests.  Creep 
increased from 0.54 mm in the 0.5 hr tests to 1.37 mm in the 2 hr tests.  Elastic deformations also 
increased slightly, even though the applied stress and ages were similar between groups.  Total 
deformation averaged 1.16 mm and 2.24 mm in the 0.5 hr and 2 hr tests respectively.  Elastic, creep 
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and total deformations showed mostly non-significant increases with age in the 0.5, 1, and 2 hr 
tests, but total deformation rarely exceeded 3 mm.  In the 1 hr tests, total deformation increased 
significantly (p=0.023) for specimens aged >50 yr (Figure 8), but tended to decrease between the 
ages of 19 and 50 yr (p = 0.07), albeit on only 12 specimens. 
 
Discussion 
Summary of findings  When elderly cadaveric motion segments were subjected to sustained 
physiological compressive loading, elastic deformations were greater in the vertebral bodies than in 
the disc, whereas creep deformations were similar in both structures.  Measured deformations were 
predicted accurately by the three-parameter model, but E1, E2 and η depended on the duration of 
loading.  Motion segment elastic stiffness (E2) and viscosity (η) decreased with advancing age and 
disc degeneration, and were directly proportional to intradiscal pressure.  Total measured 
compressive deformation generally increased with age, but rarely exceeded 3 mm. 
Strengths and weaknesses of the study.  This was a large study on human spines.  Sufficient 
compression was applied to simulate muscle tension as well as gravitational loading, and the 2-D 
MacReflex system was sensitive enough to differentiate between deformations of the disc, vertebrae 
and apparatus.  Weaknesses of the study include MacReflex measurements being in the sagittal 
plane only, and a simple viscoelastic model whose parameters (E1, E2 and η) varied with testing 
conditions and so did not represent invariant materials properties.  Also, the curve-fitting algorithm 
created problems in some short creep tests.  We have considered previously the advantages and 
drawbacks of testing cadaveric tissues,29 and the use of the present apparatus.22 
Relationship to other studies.  Comparable deformations have been reported previously in cadaveric 
spines, although not simultaneously in discs and vertebrae.  Lower thoracic vertebral bodies from 
young men deform by 0.15 - 0.20 mm per kN of applied load, and by 2 - 3 mm before collapsing 
(calculated from30).  Equivalent values for severely osteoporotic old vertebral bodies are 0.7 mm 
deformation per kN, and 1.5 mm before collapse.7  Vertebral deformations in Figure 4 and Table 1 
lie between these extremes.  Few previous studies have separated the deformations of intervertebral 
discs from those of adjacent bone, but those that did so found the discs to be surprisingly stiff.  A 
high-resolution MRI study on cadaveric motion segments reported 0.4 mm vertical disc 
deformation in response to a compressive force of 1 kN applied for 26 min.19  This compares with a 
total (elastic+0.5 hr creep) disc height loss of 0.2 mm in the present study (Figure 4).  Similarly, a 
stereo photographic technique showed that elastic disc height loss in response to 2.5 kN 
compression averaged 0.67 mm anteriorly and 0.83 posteriorly18 which is equivalent to 0.3 mm at a 
compressive force of 1 kN.  The slightly lower compressive deformability of the disc in the present 
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experiment (Figure 4) may be attributable to stress-shielding by the neural arch, because this 
structure was removed in the previously-mentioned experiments. 
The phenomenon of creep deformation in ageing human vertebrae has been described recently by 
our laboratory10, 11 and was anticipated by Keller et al.28 who showed that vertebral BMD 
influenced the time dependent properties of a motion segment.  It has also been reported in young 
porcine motion segments,31 although true bone creep was difficult to distinguish from creep in the 
hyaline cartilage endplate.  This latter study suggested that disc creep becomes relatively more 
important as a loading test continues, which is consistent with the major influence of IDP found in 
the present study: as creep progresses, nucleus water content23 and IDP32 both fall, allowing the disc 
to bulge radially.18, 33  Bulging increases the tendency for the annulus to deform viscoelastically by 
mechanisms such as interfibrillar sliding34 that do not depend on fluid flow.35 
Values of E1, E2 and η in Tables 2 and 3 agree with those reported previously by researchers using 
the same model27, 28, 36 provided that allowance is made for the influence of test duration (Figure 5).  
These previous studies also showed similar trends with increasing age, although too few specimens 
were tested to resolve the competing influences of spinal level, disc dimensions, and disc 
degeneration.  The model can be used to represent disc behaviour only, but the excellent agreement 
between experimental and predicted deformations in the current study show that it is well suited to 
analyse height loss by an entire motion segment, including the neural arch (Figure 2). 
Explanation of results  Disc tissues are virtually incompressible when loaded rapidly, so 
compressive elastic deformation of a motion segment occurs by the endplates bulging into the 
vertebral bodies8 and by the disc bulging radially outwards.18, 33  Trabecular bone within the 
vertebral body is compacted as trabeculae buckle37 and the vertebral body cortex probably bulges 
radially.38  A high IDP prestresses both annulus and endplate, and prevents either from bulging 
greatly when loading is increased.  E1 and E2 represent the modulus (stress/strain) for the drained 
and hydrated motion segment respectively, so it is not surprising that they depend on disc area 
(which determines applied stress) because most biological materials become stiffer when 
compressed more severely.  When loading is sustained, elastic deformations are followed by creep, 
as water is expelled from the disc.23  Disc creep recovers when loading is removed, both in vivo and 
in vitro, because expelled water is sucked back in again.39, 40  In vertebral bone, various time-
dependent processes occur which are still poorly understood,15 but which include micro-crack 
propagation.41  Bone creep does not recover quickly,11, 15 and may not recover completely, at least 
in cadaveric experiments, because plastic deformation could be involved.  In the model, time 
dependent processes are indicated by the viscosity η which also depends primarily on IDP.  High 
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IDP reflects a high proteoglycan content in the nucleus, and these hydrophilic molecules resist 
water expulsion under load, slowing the creep process. 
Deformations of discs and vertebrae increase in old age (Table 3) primarily because of falling 
IDP.24  As the proteoglycan and water content of the nucleus decrease, IDP falls,22, 32 annulus 
bulging increases26 and stress concentrations arise within the annulus24 severely compressing the 
vertebral cortex.  The annulus and endplate are no longer prestressed by the nucleus, and so can 
deform more when external loading increases.  Proteoglycan depletion in the nucleus reduces its 
ability to prevent water loss under load, so creep rate increases.  However, the extent of creep may 
decrease because old discs have less water to lose42, 43 and so reach equilibrium faster.44  The high 
elastic deformability of old vertebral bodies7 appears to be a consequence of reduced bone mass 
allowing increased buckling of trabeculae and cortex.  Compressive deformations of ageing motion 
segments rarely increase beyond 3 mm because adjacent neural arches become load-bearing in erect 
postures4 and oppose further height loss.  Load-bearing increases substantially after just 1 mm 
height loss45 so that, in old spines with severely degenerated discs, the neural arch typically resists 
63% of an applied axial compressive force, with the anterior and posterior halves of the vertebral 
body resisting just 10% and 26% respectively.46  Some of these age-related mechanisms were 
proposed by Kazarian more than 30 years ago,44 although detailed experimental evidence was 
lacking. 
The foregoing discussion suggests that the changing compressibility of ageing spines is primarily 
due to structural changes including reduced nucleus volume and IDP, reduced anterior bone mass, 
and impaction of neural arches.  The influence of altered materials properties of old anulus and 
bone appear to be slight; in fact, ageing annulus47, 48 and bone49 tissues show little tendency to 
soften and weaken, and increased collagen cross-linking actually stiffens old cartilage50 and bone.51 
Some other influences on motion segment deformations are apparent from Tables 2 and 3.  E2 and 
η are greater in females (Table 2) because female discs tend to have a smaller cross-sectional area, 
and so were subjected to higher compressive stress in the present experiments.  Viscosity η 
probably increases with stress because the high tissue deformation at high stress reduces pore size, 
and hence the rate of fluid expulsion.52  Vertebral bodies deform more anteriorly than posteriorly 
(Table 1) because elderly vertebrae suffer most bone loss from their anterior regions,53, 54 probably 
as a result of being stress-shielded by the neural arch following disc collapse.46  Discs deform more 
posteriorly than anteriorly because compressive stresses tend to be concentrated there with 
increasing age and degeneration.24, 55  The fact that total height loss by the three structures (two 
vertebrae and the disc) is greater anteriorly than posteriorly (last line in Table 1) suggests unequal 
deformations in the apparatus and at the bone-plaster junction. 
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Clinical implications.  Lumbar spinal stenosis affects approximately 13% of patients referred to 
spine specialists in the USA,2 and it becomes increasingly common after middle age.  The results of 
the present study indicate that, when a physically active elderly person stands up after a period of 
rest, each thoracolumbar motion segment will lose an average 0.87 mm in height, followed by a 
further 1.37 mm during the following two hours (Table 4).  This total height loss (2.24 mm) is 
approximately 10% of the height of a typical lumbar intervertebral foramen.56 However, nerve-root 
compression is typically found in intervertebral foramina that are narrowed by only 1.4 - 4.5 mm  
compared to L1-L5 foramina with normal nerve roots.56  Of course, patients with nerve-root 
compression may not be typical, and the maximum height loss recorded in the present experiment 
after 2 hr (4.5 mm) might well cause problems.  Also, disc height loss is accompanied by a 
proportional increase in radial bulging18, 26 so both diameters of the intervertebral foramen tend to 
be reduced at the same time.  These quantitative comparisons are approximate only, for several 
reasons.  Firstly, it would have been more accurate to compare foramen height with height loss by a 
single disc and vertebra, rather than by a motion segment, but this information was not available for 
most specimens.  Also, small horizontal movements of adjacent vertebrae could influence the 
height of the foramen, and spinal loading (and deformations) would all be reduced in elderly people 
who are no longer physically active.  Nevertheless, the above comparisons suggest that nerve root 
entrapment syndromes can occur as a result of transient compressive deformations of the spine, 
even in the absence of permanent structural changes such as disc herniation, osteophytosis or 
spondylolysthesis.  Any such “functional stenosis” would be influenced by posture, which can have 
a profound influence on disc height loss and bulging,57, 58 and on resulting symptoms.2 
A second clinical consequence of disc creep is that the resulting fluid exchange can aid in disc 
nutrition.23, 59  Results of the present experiment suggest that this boost to metabolite transport 
diminishes in old age, because the discs have less water to lose, and because creep is limited by the 
neural arch.  This protective action of the neural arch can have clinical consequences in it own right, 
because high load-bearing by the apophyseal joints, above a certain threshold, is closely associated 
with osteoarthritic changes.5 
Unanswered questions and future research.  The mechanisms of vertebral creep are currently under 
investigation in a number of laboratories, including our own.  It may well depend on bone mineral 
density. 
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Figure Captions 
Figure 1  Apparatus used to compress cadaveric motion segments. The low-friction rollers ensured 
only compressive loading was applied.  In 17 experiments, six reflective markers secured to each 
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vertebral body were tracked by an optical system (MacReflex) in order to measure vertical 
deformations of the disc and each vertebral body in the sagittal plane. 
Figure 2  The three-parameter model consists of a spring E2, which resists elastic deformation, a 
dashpot or syringe (η) which resists fluid flow, and a second spring E1 which resists deformation of 
the “drained” structure.  E1, E2 and η are calculated from the height and area of the intervertebral 
disc, but when the model is applied to a whole motion segment, E1 includes resistance from the 
neural arch, as suggested by the Figure.  Note the radiographically dense bone in the neural arch, 
indicative of the high load-bearing often found in elderly spines. 
Figure 3  Typical data for a 0.5 hr test, showing elastic and creep strains of the two vertebral bodies 
and the intervening disc, as measured by the MacReflex.  Strains were averaged for the anterior, 
middle and posterior region of each structure.  In this specimen (Male, 82 yr, T11-T12) elastic 
strain was approximately 50% greater in the disc compared to vertebral bodies, and creep strain was 
300-400% greater.  10,000 microstrains = deformation of 1%. 
Figure 4  Average height loss by the upper vertebra, disc and lower vertebra during 30 min tests 
(n=17, error bars = SEM).  Initial elastic deformations were greater in the vertebral bodies 
compared to the disc, but creep was similar in all three structures. 
Figure 5  Model parameters E1, E2 and η varied systematically with the duration of loading.  Data 
for 52 specimens at 0.5 hr, 102 for 1 hr, and 84 for 2 hr.  Error bars indicate the STD. 
Figure 6  The elastic modulus (E2) of 84 motion segments subjected to 2 hr tests decreased with 
age.  Regression data refer to 73 of the specimens that were aged >50 yr.  E2 tended to increase up 
to the age of 40. 
Figure 7  Viscosity (η) increased with intradiscal pressure (IDP) in the 2 hr  tests.  IDP was 
measured for 60 of the 84 specimens tested for 2 hr. 
Figure 8  Total compressive deformation of thoracolumbar motion segments increased above 50 yr 
of age (r2=0.06, p = 0.023).  Regression data for 90 of the 102 specimens compressed by 1 kN for 1 
hr.  Deformation decreased in 12 specimens aged 19-47 yr (p=0.07). 
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Table 1  Compressive deformations of discs and vertebral bodies (VB) in 17 motion segments 
tested for 0.5 hr.  Values indicate the mean (STD).  Elastic and creep deformations are presented 
separately for the posterior (Post.), middle, and anterior (Ant.) regions of the disc and vertebral 
bodies (VB). 
      Compressive deformation (height loss) in mm             
    
              Elastic            n                 Creep            n 
   Post. Middle Ant. Post. Middle Ant. 
        
Upper  mean 0.16 0.20 0.28 0.03 0.14 0.16 
VB std 0.21 0.26 0.41 0.06 0.26 0.26 
        
Disc mean 0.11 0.11 0.02 0.13 0.13 0.08 
 std 0.12 0.18 0.11 0.09 0.13 0.10 
        
Lower  mean 0.08 0.16 0.35 0.03 0.09 0.21 
VB std 0.14 0.44 0.80 0.11 0.33 0.43 
 
Total  0.35 0.47 0.66 0.19 0.36 0.45 
 
Table 2:  Average values of parameters from 2 hr tests for various groups of specimens.  These 
values varied between the 0.5, 1 and 2 hr tests as shown in Figure 5. 
 
  n E1 (MPa) E2(MPa) 
η1 
(GPa*s) E2/E1 
All 84 4.80  8.56  36.7  2.05  
Male 39 4.84  6.99  30.7  1.60  
Female 45 4.77  9.92  41.9  2.44  
Age ≤ 75 year 45 4.64  9.62  41.2  2.36  
Age > 75 year 39 4.99  7.33  31.7  1.69  
Degeneration 1-2 37 4.57  10.43  45.1  2.64  
Degeneration 3-4 47 4.98  7.08  30.2  1.59  
Thoracic 27 4.92  10.99  45.9  2.81  
Lumbar 57 4.75  7.40  32.5  1.69  
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Table 3  Univariate linear regression analyses showed major influences on model parameters from 
the 2 hr tests.  Bold text indicates significant relationships.  Spinal levels are coded from 1 (T7-8) to 
10 (L4-5).  a1 and a2 are coefficients from the equation: y = a1*x + a2.  
 
 Parameter n r2 p a1 a2 
Age E1 (MPa) 84 0.01 0.417 -0.0105 5.51 
(yrs) E2 (MPa) 84 0.09 0.006 -0.0717 13.4 
 η (GPa*s) 84 0.09 0.006 -0.3119 57.9 
       
Disc E1 (MPa) 84 0.00 0.917 -0.0333 4.88 
degen. E2 (MPa) 84 0.12 0.001 -2.052 13.9 
grade η (GPa*s) 84 0.13 <0.001 -9.413 61.3 
       
Spinal E1 (MPa) 84 0.00 0.639 0.0474 4.50 
level E2 (MPa) 84 0.16 <0.001 -0.7512 13.2 
 η (GPa*s) 84 0.11 0.002 -2.6686 53.4 
       
Disc E1 (MPa) 84 0.02 0.175 -0.0008 5.91 
area E2 (MPa) 84 0.39 <0.001 -0.0066 18.0 
(mm2) η (GPa*s) 84 0.32 <0.001 -0.0261 74.3 
       
Applied E1 (MPa) 84 0.21 <0.001 3.360 2.01 
stress E2 (MPa) 84 0.29 <0.001 7.994 1.92 
(MPa) η (GPa*s) 84 0.15 <0.001 25.39 15.7 
       
IDP E1 (MPa) 60 0.02 0.333 -0.3795 5.01 
(MPa) E2 (MPa) 60 0.32 <0.001 4.268 3.73 
 η (GPa*s) 60 0.33 <0.001 17.40 17.1 
 
Table 4: Summary of motion segment elastic and creep compressive deformations.  Mean values 
are shown (STD). 
              Deformation (mm)              
  Applied     
Duration Age Stress n Elastic Creep Total 
(hrs) (yrs) (MPa)     
       
2 68 0.83 84 0.87 1.37 2.24 
 (18) (0.29)  (0.44) (0.46) (0.60) 
       
1 68 0.85 100 0.84 0.71 1.55 
 (17) (0.28)  (0.43) (0.29) (0.72) 
       
0.5 65 0.81 52 0.62 0.54 1.16 
 (20) (0.29)  (0.49) (0.38) (0.86) 
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